Material processing techniques utilizing low-temperature plasmas as the main process tool feature many unique capabilities for the fabrication of various nanostructured materials. As compared with the neutral-gas based techniques and methods, the plasma-based approaches offer higher levels of energy and flux controllability, often leading to higher quality of the fabricated nanomaterials and sometimes to the synthesis of the hierarchical materials with interesting properties. Among others, nanoscale biomaterials attract significant attention due to their special properties towards the biological materials (proteins, enzymes), living cells and tissues. This review briefly examines various approaches based on the use of low-temperature plasma environments to fabricate nanoscale biomaterials exhibiting high biological activity, biological inertness for drug delivery system, and other features of the biomaterials make them highly attractive. In particular, we briefly discuss the plasma-assisted fabrication of gold and silicon nanoparticles for bio-applications; carbon nanoparticles for bioimaging and cancer therapy; carbon nanotube-based platforms for enzyme production and bacteria growth control, and other applications of low-temperature plasmas in the production of biologically-active materials.
Introduction
Biomaterials are novel materials featuring high biological activity, high biocompatibility, inertness or other properties that make them attractive for various biology, biotechnology and medicine-related applications, such as drug delivery devices [1, 2] , production of enzymatic biocatalysts [3, 4] , designing bioreactors [5, 6] , biosensors [7, 8] , biofilms [9, 10] , nanostructured platforms for the advanced bioreactors [11] , next-generation nanobiointerfaces [12, 13] , biocompatible materials and systems [14, 15] , antibacterial materials [16, 17] and many others. Plasma-based techniques are promising for biomaterial production due to higher levels of particle energy and material controllability, as compared with the traditional neutral-gas based production methods [18, 19] . Unique properties of the low-temperature plasma environment ensure synthesis of the biomaterials with interesting properties [20, 21] .
Here we briefly review the methods and biomaterials which can be fabricated using low-temperature plasmas, making the main stress to the unique capabilities of plasmabased tools and processes resulting in the synthesis of biomaterials and bioplatforms. Metal and carbon nanoparticles, complex carbon nanotube-based platforms, surfaceengineered silicon nanocrystals, hierarchical plasma-treated gold-silver structures for protein retention will be among others considered. Besides, plasma functionalization and direct influence of the plasma fluxes onto living cells and biofilms will be discussed, in view to better understand the unique capabilities of the plasma-based techniques for biomaterial fabrication.
Plasma-a tool for building and control
In this section we will examine several kinds of nanostructures and nanostructured materials created with the use of methods and techniques based on low-temperature plasmas. Both technological aspects and material properties are considered.
Surface-grown arrays of gold and silicon nanoparticles for bio-applications: plasma drives self-organization
Gold nanoparticles are the recently synthesized nanomaterials demonstrating significant potential for cancer therapy [22, 23] , biosensing [24] , biocatalysis [25] . The arrays of gold nanoparticles grown on surfaces may be used for bio-detection [26] , biosensing [27] , bioelectronics [28] and many others applications, including catalytic systems for the nucleation and growth of carbon nanotubes [29] . Gold nanorods are also of interest which could be used, e.g. as contrast agents for multimodal imaging [30] . Structural and morphological properties of such arrays, including ordering are of particular importance [31, 32] . Several dedicated experiments have proven that the plasma-based techniques lead to results super ior to those obtained by traditional chemical vapour deposition (CVD) methods.
How can low-temperature plasma help to produce highquality nanoparticles? The inductively-coupled plasma (ICP) technique was successfully used to produce high-quality arrays of gold nanoparticles on silicon surfaces, and to enhance the array ordering. Multiple deposition-annealing process was used to form patterns of gold nanoparticles with different morph ology and density. The process was controlled by varying the deposition time and the post-processing temper ature. The morphology of the deposit was controlled by initiating nanoparticle nucleation and growth between the already existing nanostructures. Hence, control over the pattern structure was ensured due to plasma-specific effects.
The pattern of gold nanoparticles was formed on silica (silicon oxide) surface in a direct current magnetron discharge. Argon was used as a process gas at a pressure of 1 Pa. The processed surface was biased with direct current potential of −50 V. The experimental setup is illustrated in figure 1(a) . Vacuum pump and gas supply system were used to maintain the pressure during the deposition and treatment. A photo of the DC magnetron discharge is presented in figure 1(b) . The nanoparticle patterns were formed on a narrow specimen of about 1 mm long and 0.2 mm wide, made of a silicon substrate covered with a silica layer. Firstly, the samples were cleaned in acetone solution using ultrasonication, then the cleaning was repeated in ethanol and wafers were dried by nitrogen. After that, the samples were processed by the plasma in a chamber as described above. Four different samples were fabricated to study the effect of the plasma parameters onto the structure and morphology of the nanoparticle pattern.
The samples were fabricated using a different number of deposition/annealing cycles. Specifically, 12 nm gold layer was formed on the first sample by a single deposition/annealing repetition at 70 °C for 5 min. The next sample was fabricated by the doubled cycle resulted in 18 nm layer, and the rest samples had 21 and 22 nm, respectively. This method resulted in different nanoparticle morphologies for different samples, thus revealing the potential of plasma for the structure control. Electrical characteristics of the sample were measured to check the possibility of fabricating sensor. The details of the design and electrical measurements are shown in figure 1(c) . The optical photo of the fabricated sensor is shown in figure 1(d) . More details on the process and results can be found elsewhere [33] .
Plasmas ignited in the N 2 +Ar gas mixture were used to produce patterns of silicon nanoparticles on silicon wafer [34, 35] . The scanning electron microscopy image of a typical silicon nanoparticle pattern formed by processing of a silicon surface in plasma at a surface temperature of 700 °C is shown in figure 2(a) . The nanoparticles are distributed uniformly about the surface, and the surface density of the nanoparticles is low.
One specific feature of the plasma is a large amount of control parameters influencing the deposition process, and this makes the experiments time-consuming. To study in detail the potential of plasma-based methods for the formation of uniform nanoparticle patterns, simulations were used. Figures 2(b) and (c) present the 3D visualizations of the adsorbed atom (adatom) density field and the structure of the electric field, calculated using the diffusion-based model [36] . The image presents that the pattern of adatom density is quite irregular, and there are areas with a relatively high density of adatoms where new nanostructures may nucleate. The structure of the calculated electric field is illustrated in figure 2(c) . The nucleation of new nanoparticles is highly probable in such non-uniform patterns, and specifically where the adatom density is high enough to ensure high collision density on the surface. Further treatment elevates the level of uniformity of nanoparticle patterns in such systems. Figure 2 (d) presents several screenshots illustrating the change in the structure of electric field during the plasma treatment. Direct experiments on deposition of the patterns of gold nanoparticles on silica surface by magnetron sputtering also supported these results [34] .
Are the plasma-related effects important in these processes?
The detailed analysis have shown that just the plasma plays a major role in the formation of uniform nanoparticle patterns by ensuring the proper structure of ion fluxes to the substrate, and thus driving the self-organization [37, 38] on the surface by governing the electric field and diffusion which are the main drivers of self-organization [39] . Some more details on analysing self-organization are published in other articles [40, 41] . It could be stressed that the electric field can be varied by surface bias [42, 43] , and thus the self-organization in the pattern of nanoparticles can be controlled by a proper selection of the surface temperature and plasma parameters, such as electron temperature and density.
Growth of carbon nanoparticles in plasma: levitation and tuned precipitation
Carbon nanoparticles are another example of the plasma-based fabrication of biologically relevant materials. In particular, carbon nanoparticles can be used in bioimaging applications [44] , they can serve as fluorescent labels for applications in theranostics (integrated diagnosis and therapy) [45, 46] and cancer therapy [47] . They demonstrate excellent biocompatibility and can be used as active bioimaging agents [48] and means for nanomedicinal therapy [49, 50] .
Is the plasma useful for the production of carbon nanoparticles? One of the typical processes resulting in the fabrication of carbon nanoparticles in low-temperature environment was implemented using asymmetric radio-frequency (RF) discharge at 13.56 MHz (4-20 W) [51] . An experimental setup comprised the vacuum and gas equipment, and the characterization system including laser diode-detector system capable of detecting nucleation and growth of nanoparticles in a plasma, and a Quantum cascade laser measurement and control system capable of measuring the plasma parameters directly during Scanning electron microscopy characterization and calculated 3D patterns of electric field and adatom density of silicon nanoparticles on a silica surface during the treatment in nitrogen + argon plasma. SEM images, low and high resolution (a). Calculated patterns of the adatom density field (b) and electric field (c); and four screenshots illustrating transformation of the electric field pattern during self-organizational ordering. The spatial ordering increases from left to right (d). Reprinted with permission from Levchenko et al [34] . Copyright 2011 IOP Publishing. the process. This system is sketched in figure 3 . In the process, argon and acetylene were used as a plasma-sustaining gas and reactive precursors. In this case the ion and neutral particle densities in plasma were 10 9 cm −3 and 10 7 cm −3 , respectively. The direct measurements in the similar setup and discharge have demonstrated a quite good agreement with the above mentioned density numbers [52] .
Concentration of acetylene in the chamber was varied using the Quantum cascade laser measurement and gas control system. The quantum cascade laser was operated at the rate of 0.25 cm −1 within a spectral range around 1342 cm
where the spectral lines of the infrared active molecules are present. Specifically, the density of acetylene molecules was measured by the spectral line 1342.35 cm −1 [53] . The absolute density of acetylene molecules in the setup was achieved by fitting the absorption signal and comparing with the data stored in the database [54] . The sizes and distribution of nanoparticles nucleated and grown in the plasma were measured by transmitted light from laser beam detected by a photodiode in the integrated amplifier circuit. The intensity of light transmitted through the plasma decreases if the plasma region contains any nanoparticles. Scattering the light on nanoparticles reveals the presence of nanoparticles nucleated in the plasma. Figure 4 (a) is an optical photograph of the plasma region with the clouds of nucleated carbon nanoparticles. Laser beam illuminates the clouds and they are visible as two grey spots. It was found that the volume of the nanoparticle-containing areas changed during the process. The carbon nanoparticles then deposit onto the electrode when the plasma cannot ensure levitation, and can be collected from the surface for the further use. In figure 4 (b) one can see the scanning electron microscopy image of the carbon nanoparticles collected from the surface in the chamber. Note very regular, near-spherical shape of the collected nanoparticles, typical for the structures nucleated without any contact with the solid surfaces (i.e. directly in the plasma).
How plasma-specific effects work in this technique? Plasmarelated effects indeed play a key role in the main processes involved in this technique. It is believed that nanoparticles nucleate and grow in plasmas by the following scenario [55] . During the initial nucleation stage, the seed particles having several nm in diameter coalesce owing to the electric charge fluctuations in a plasma [56] , and finally form larger particles of several tens of nanometers like it occurs in neutral aerosols. The driving force of the coagulation is plasma-induced electric charges which lead to the attraction between negatively charged nanoparticles and strong irregular ion fluxes [57, 58] . As a result, the nanoparticles reaching 1 μm may be nucleated and grown directly in plasmas, without contact with any surfaces or catalysts. It should be stressed that the volumetric concentration of such dust clouds is rather low and reaches (2-5) × 10 3 cm
. Moreover, larger nanoparticles have larger collision cross-sections, and hence they act as collectors of neutral and ionized particles from the plasma, thus growing to up to micrometre size [59] . Importantly, the size and mass distributions of the plasma-grown nanoparticles are typically quite uniform, as it can be observed in figure 4 . The reason for this is the re-distribution of material fluxes between larger and smaller charged particles in the plasma. Thus, just the plasma effect ensures nucleation and growth of size-and shapeuniform nanoparticles [51] . 
Carbon nanotube-based platforms for enzyme production and bacteria growth control
Let us examine how the plasma-related effects work in building the nanostructured biotechnological platforms. The platforms and materials based on carbon nanostructures such as patterns of vertically-aligned graphene flakes [60] , single-and multiwall carbon nanotubes [61] , vertically-aligned carbon nanocones and other nanostructures comprising carbon honeycomb lattices have interesting characteristics [62] [63] [64] relevant to the advanced biotechnological platforms [65] [66] [67] . Described here is the hybrid metal-carbon nanotube plasma-activated system which could be a base for the biotechnological and biomedical platform. The vertically-aligned multiwall nanotubes determine the most important properties of this platform.
To build the carbon nanotube-metal platform, a conventional CVD technique was firstly used to prepare the base [68] .
The thermally oxidized silicon wafer was firstly covered with a 10 nm layer of alumina. Then, a very thin (about 2 nm) layer of pure iron was sputtered onto the alumina [69] . The samples were then installed in the thermal furnace, and a forest of vertically-aligned carbon nanotubes was grown at a constant flow of hydrogen and acetylene mixture, under atmospheric-pressure conditions (see figure 5 ). More details on the platform fabrication can be found elsewhere [68] . The as-grown nanotube arrays were then treated with argon inductively coupled plasmas, as shown in figure 5(d) . The ready sample was loaded into a process chamber where a constant argon flow was maintained at a pressure of 5 Pa. The low-temperature plasma was then ignited in argon gas, and the samples were processed for several minutes.
In figure 6 one can see the scanning and transmission electron microscopy images taken from the ready platform. The carbon nanotube pattern (forest) consists of multiwall nanotubes which are in general vertically-aligned but somewhat entangled. The gaps between the nanotubes reach hundreds of nanometres. Apparently, the whole array is completely impenetrable for bacteria whose sizes are in the micrometre range. The side views of the nanotubes in figure 6(a) show that the whole forest is 20-25 μm in height, and the surface density reaches 5 × 10 10 tubes × cm −2 . Importantly, the nanotubes are not absolutely straight but curved and entangled; this in turn makes the whole array even more impenetrable. The transmission electron microscopy has confirmed that the pristine nanotubes reach 10 nm in diameter and consist of up to 10 walls. Figures 6(e) and (f) which are also the TEM images confirm the presence of lattice fringes, thus proving highly ordered structure of the nanotubes. The plasma treatment did not change the diameter of carbon nanotubes, but significantly changed the internal structure, as it is seen in figures 6(g) and (h). Besides, the well-rounded tips of pristine nanotubes are opened after the plasma treatment.
The bacterial culture experiments were then performed using the above described platform after the plasma treatment. The four kinds of bacteria commonly used in similar experiments, namely Bacillus subtilis, Escherichia coli, Staphylococcus epidermidis and Pseudomonas aeruginosa were cultivated and tested. The detailed description of the bacterial cultures, as well as characterization procedures and techniques can be found in the relevant publication [68] .
An open source software ImageJ was then used to calculate the area coverage of the grown bacterial colonies. The viability of the cultivated bacteria was then assessed by colony forming units [68] . The biofilms consisting of E. coli and B. subtilis bacteria on carbon nanotubes were then characterized by the flow cytometry technique. The biofilms were collected from the carbon nanotubes using sterile tools, and then sonicated in phosphate buffered saline. After breaking the clumps by sonication, they were analysed using LIVE/DEAD ® BacLight ™ staining according to the manufacturer's instructions. The percentage of viable cells was calculated.
The obtained results have demonstrated that the nanotube forests grown on silica and metal bases can form quite useful biotechnological platforms. Importantly, the behaviour of the vertically-aligned arrays of carbon nanotubes in the presence of a bacterial attack differs quite significantly from that of entangled, dispersed nanotubes. Indeed, the vertically-aligned nanotube forests did not demonstrate strong antibacterial activity. More importantly, they show selectivity towards the different bacteria forming the biofilms on top of the nanotube arrays. The above described experiments have demonstrated that the plasma treatment makes the vertically-aligned nanotubes discriminative toward the Gram-negative and Grampositive bacteria. The Gram-positive bacteria (B. subtilis and S. epidermidis in the above discussed experiments) exhibited good biofilm formation ability and high numbers of viable bacteria on the platform after the plasma treatments, as seen in figure 7 . On the other hand, the E. coli and P. aeruginosa bacteria (Gram-negative) have demonstrated no significant changes regardless of the presence of vertically-aligned carbon nanotubes and plasma processing.
This effect was explained by the structural differences in cell walls and membranes of these two kinds of bacteria. As a result of this difference (specifically, different thickness of the cell wall), the bacteria have demonstrated different responses to the treated and untreated carbon nanotubes. These experiments validated the ideas to use the dense, ordered nanotube arrays in the capacity of biotechnological platform capable to selectively control the growth of various biofilms and biocatalyst-producing bacterial cultures for biotechnological applications.
To directly assess the protective effects of this platform against microbiological attacks, (this feature is of special importance when the platform is used for immobilization of enzymatic proteins), a dedicated experiment was conducted on the penetration of live bacteria (B. subtilis) into the nanotube pattern. The prepared and plasma-treated platforms were incubated in the solution with the live culture of B. subtilis, and the SEM images were made. Figure 8 shows the upper surface of the sample after 12 h in the shaker and critical point drying (a) and after drying in open air (b). Live bacteria cannot penetrate to the bottom where the enzymes are immobilized, and thus the bacterial protection is ensured by a simple mechanical method, as shown in figure 8(c). Figures 8(d) and (e) demonstrate that the bacteria indeed remain on the nanotube array surface. More information on the experiments on B. subtilis penetration in the nanotube pattern can be found elsewhere [70] .
Plasma-engineered Si nanocrystals and Si nanocrystals-carbon nanotube compositions
Silicon nanocrystals are highly promising nano-objects which demonstrate many bio-related properties not achievable for other materials and systems. In particular, the silicon nanocrystals and nanoparticles can be useful for imaging of cancer cells [71] , for controlling active oxygen in the biomedical applications [72, 73] , for biosensing [74] , single-molecule tracking [75] , as biocompatible fluorescent nanolabels [76] , delivery systems [77] , and nutritional food additive [78] . Various aspects of the silicon nanoparticle interaction with Figure 7 . Number of colony forming units of S. epidermidis and P. aeruginosa bacteria sampled from the control, pristine, and plasma-treated carbon nanotube arrays. Reprinted with permission from Yick et al [68] . Copyright 2015 RSC.
live tissues and cells are now extensively studied including genotoxicity and reproductive toxicity [79] , behaviour in live cells [80, 81] , applications in cell biology and medicine [82, 83] and other in vivo applications [84] .
How does the plasma work in this case? A typical process of the silicon nanocrystals fabrication using atmospheric pressure plasmas can be designed as follows [85] . The atmospheric pressure plasma is ignited between the two electrodes by supplying radio frequency power (13.56 MHz). The electrodes are installed in a thin (1 mm dia.) quartz capillary, as shown in figure 9 ). The plasma-sustaining gas is argon, and silane diluted in argon was used as precursor for the nucleation and growth of silicon nanoparticles. To exclude the contact with ambient air, the whole setup is installed in the metal chamber filled with nitrogen which is supplied to the chamber and then pumped out [86] . This system is simple and convenient in operation, and does not require vacuum pumps.
In the work being discussed [85] , the applied RF power was maintained at the level of 100 W, the argon flux was 200 sccm and the argon/silane flux was 50 sccm, with the inter-electrode gap of about 1 mm. The average silane concentration was maintained at the level of 10 ppm. The electric parameters were measured using RF voltage-current probe connected below the matching unit, and at the RF feedthrough outside of the nitrogen-filled chamber.
Importantly, it was demonstrated that the highly crystalline silicon nanoparticles can be nucleated and grown in atmosphericpressure low-temperature plasma at temperatures well below the Si crystallization threshold [85] . These results were interpreted in terms of an efficient heating of the nanoparticles nucleated and growing in non-thermal atmospheric-pres sure plasmas. A careful analysis of the energy balance on the surface of plasma-nucleated nanoparticles has revealed that nanocrystals are effectively heated in the atmospheric-pres sure plasma.
The two modes of nanoparticle synthesis were compared, and important differences were revealed [85] . Specifically, the energy flux supplied by the ion current to the surfaces of nanoparticle is enhanced in a collisional regime, leading to a higher nanoparticle temperature. In this case the plasma-related effects lead to the low-temperature nucleation, resulting in a better crystalline structure of the nanoparticles. The plasma-fabricated and processed Si nanocrystals were also used to activate nucleation of multiwall carbon nanotubes without any metal catalyst, which can be harmful for the use in living cells or tissues. In these experiments the three different kinds of silicon nanocrystals were used, namely prepared using laser ablation in water and by electrochemical etching and laser fragmentation [87] .
For the carbon nanotube growth experiments, the three different types of silicon nanocrystals were first accumulated and stored in water in the form of colloids before the plasma treatment. Just before the plasma processing, the three types of nanocrystal colloids were drop-casted on a silicon wafers and dried in an open air. Then, the dried samples were treated using a microwave plasma-enhanced CVD technique [88] . The sample was first pre-treated in nitrogen plasma at the discharge power of 300 W, pressure of 20 mbar and wafer surface temperature 750 °C. The carbon nanotubes were grown in argon and methane mixture and discharge power of 600 W. The total duration of the nanotube growth process was 5 min.
The results of the carbon nanotube nucleation and growth were different for these different types of nanocrystals (figure 10). Specifically, it was found that the surface features of the nanocrystals are the main factors determining the nucleation and growth of carbon nanotubes. In particular, nanocrystals with a low density of surface oxide have demonstrated more efficient nucleation of nanotubes. Also it was found that the sufficient fragmentation of nanocrystal aggregates into smaller assemblies or even single silicon nanocrystal was also an important factor. In spite of a clear difference observed, the actual mechanism of nanotube nucleation and growth on the silicon nanocrystals is still unknown, and further studies should be conducted to throw light on this problem and deeper understand the plasma-induced surface processes during nanocrystal functionalization [89, 90] .
Hierarchical plasma-treated gold-silver platforms for protein retention
Low temperature plasma treatment can significantly improve the properties of hybrid bioplatforms. Indeed, the reliable surface retention of biologically-active molecules and live cells such as biomolecules [91] , stem and red blood cells [92, 93] , proteins molecules and biocatalysts [3, 94] , various living cells [95] , bioethanol-producing bacteria [96] etc. may be useful for various practical applications including biofuel cells [97] , food processing techniques [98] , biosensors [7] , energy conversion and drug delivery devices [1, 99] , sensors [100] , virus detection [101] , microfluidic devices [102] , fluidised bed bioreactors [5] , fixedbed catalytic reactors [103] and many others. Various metamaterials and nanoscaled systems such as mesoporous carbon beads [104] , nanostructured polymer surfaces [105] , silica/polymer matrices [106] and nanoporous membranes [107] with the nanometre-scale morphology for enhancing protein adsorption [108] were proposed in the capacity of a supporting platform. It was demonstrated recently that the hierarchical structures utilising vertically-aligned carbon nanotubes [70, 109] and patterns of vertically-aligned carbon nanowalls [110] also can be used as biotechnological nano-structured platforms.
The structures comprising nanostructures made of noble metals are especially promising due to their chemical inertness, as well as absence of carbon-containing and other complex organic contaminations. This requirement is of importance for bio-and medical applications [111] including precise diagnostics [112] . Moreover, such materials allow for the fast and convenient deactivation and sterilization.
Among other combinations, the platforms comprising gold base and patterns of vertically-aligned 1D silver nanostructures (i.e. nanowires) have recently attracted major attention [113] . 1D nanostructures (nanocones, nanofibers, nanowires and others) are used in some specific applications such as nanoelectronics [114] and energy storage and conversion devices [115] . It is known that silver exhibits strong antimicrobial activity, strongest when silver is present in the form of nanowires [116] , nanoparticles [117, 118] , and complex nanoarchitectures involving silver and gold nanostructures [119] . Moreover, gold nanostructures are suitable for retention of biological molecules [120] .
Based on this analysis, several successful attempts were made to build nanoplatforms incorporating silver nanowires. In one of the successful experiments ( figure 11) , a large dense pattern of silver nanowires was grown on the nanoporous aluminium oxide membrane. The grown pattern was dense enough to ensure small gaps between the nanowires and hence, efficient protection from the microbiological attacks (see section 2.3). Specifically, the gaps did not exceed several hundred nanometres and thus made the bottom of the platform not accessible for most bacteria which have a size reaching one to several micrometres.
What is the plasma role in this case? The low-temperature plasma treatment was used to control the structure, state, and morphology of the silver nanowire pattern due to the plasmaspecific effects, i.e. bombardment of the nanostructures by energetic ions accelerated across the plasma bulk-surface electric field. Besides, the ability of the platform to retain the proteins at the bottom layers, i.e. where they are protected from the effect of live bacteria, was also controlled by the plasma treatment.
The samples were treated with the atmospheric-pressure plasma jet, i.e. the vacuum and gas-containing chambers were not used in this case. More information about the discharge, design of the plasma generating reactor, and plasma treatment can be found elsewhere [85, 121] . The treated samples were then tested for the ability to capture and immobilize the proteins. The commonly used Bovine Serum Albumin was used in these experiments, to avoid contamination. This protein is cheap and commonly available, and can be used as a reference in many experiments including ELISA.
The conducted experiments have demonstrated that the atmospheric-pressure plasma treatment (as well as processing with the low-temperature inductively coupled plasmas) indeed can be helpful in controlling the structure and morphology of the hybrid platforms, and importantly, can control the ability of retaining active protein molecules and other species. Specifically, it was demonstrated that the amount of retained protein may be increased due to the plasma-related effects. (h)-(k) Low-and high-magnification scanning electron microscopy images of silver nanowires after dissolution of the membrane in acid and the plasma treatment. The nanowires are much shorter after the plasma treatment, as seen from thecomparison of panels (g) and (k). Scale bars are 1 μm (h) and 500 nm (i), (k). Reprinted with permission from Fang et al [133] .
We should stress here that the alloyed nanostructures, as well as nanostructures with complex chemical composition are not discussed in much detail in this review, which is mainly dealing with the plasma-related effects. The processes in plasma environment consisting of many compounds (e.g. when plasma is sustained in the mixture of reagent gases) have very complex nature, and the interested reader should refer to the topical publications. Nevertheless, the alloyed nanostructures are among the most important plasma-made nanoscaled materials, and thus we will list here several typical examples. Among many others, the following examples could be indicated. Fabrication of hydroxyapatite bioceramics on TiAlV orthopaedic alloys for biomedical applications [122] is an excellent example when plasma enabled creation of complex alloyed nanostructure. Alloyed Au x Ag 1−x nanoparticles [123] made via microplasma-chemical synthesis for the applications requiring tunable real-time plasmonic responses is one more typical example. The amorphous silicon quantum dots were also prepared by plasma hydrogenation [124] . More details on the atmospheric pressure plasma-enabled synthesis and composition tuning of complex alloyed nanostructures could be found in the topical review [86] .
Plasma-a tool for treatment and functionalization
Here we will examine two examples of the plasma application for the surface functionalization and direct activation. Specifically, we consider the control of carbon nanotube arrays biocompatibility by plasma post-processing, and direct effect of the low-temperature plasmas onto living cells.
Plasma treatment of carbon nanotube arrays to control growth of bacterial biofilms
We have discussed the possibility to control the viability of the cultivated bacteria on plasma-treated nanostructures (see section 2.3 above), but another interesting question is the control of bacterial biofilm formation.
Can the plasma treatment control the biofilm formation?
Several studies have shown that carbon nanotubes have antibacterial properties (see section 2.3). However, most of these studies focus on dispersed nanotubes interactions with free living (planktonic) bacteria, rather than the most prevalent bacterial growth form-biofilms. Biofilm cells live in a multi-layer community enclosed by an extracellular matrix [125] . This lifestyle offers bacteria higher protection from external stresses and thus can lead to problems of eradicating unwanted biofilms. While some bacterial biofilms can be useful for waste water treatment [126, 127] , starch hydrolysis [128] , microbial fuel cells [5, 129] and antifouling coatings [130, 131] others are harmful, fouling films or pathogens causing hard to treat infections [132] .
The effects of nanotube arrays on bacteria of different species have recently been investigated [68] . It was found that unlike dispersed nanotubes they exhibit only mild antibacterial effect and thus their biocompatibility is higher. Nanotube arrays treated with inductively coupled plasma retained morphological integrity of the nanostructure, in particular in the presence of bacteria and their liquid growth media. Bacteria stayed on top of the arrays and cannot penetrate through the structure. Both Gram positive (B. subtilis) and Gram negative (E. coli) bacteria were tested for survival in the presence of nanotube arrays. Interestingly, only B. subtilis seemed to be inhibited by pristine arrays but not by the plasma functionalized nanotubes.
Investigation on how plasma treatment affects surface attached bacteria has implications for the use of biomat erials, such as medical implants [133] . Moreover, these studies are important for deeper understanding the processes occurring during the plasma effects on the bacterial biofilms. Commonly, three antibacterial methods for carbon nanotubes were reported: (1) oxidative stress, (2) metal toxicity and (3) mechanical piercing [134] . It was suggested that plasma assisted functionalising of carbon nanotubes may scavenge free radicals and lead to less bacterial inhibition of the functionalised samples [68] . Furthermore, it was proposed that by functionalising nanotube arrays the hydrophobicity is increased, reducing the piercing ability. It can be concluded that plasma-assisted functionalising of the carbon nanotube arrays leads to higher biocompatibility.
In another relevant study, the behaviour of bacterial biofilms on stainless steel coupons was studied [135] . The direct effect of the plasma treatment on surface attached bacterial communities was investigated using the antibiotic-resistant bacterium P. aeruginosa as a model organism to determine whether cells can develop resistance to the plasma treatment. Biofilms on stainless steel coupons could be completely removed by 10 min argon plasma treatment ( figure 12) . Because of the multi-factorial action of plasma on living cells (reactive oxygen and nitrogen species (RONS), UV, and excited molecules) it is widely assumed that bacterial cells are unlikely to develop a resistance to the plasma treatment as seen with many antibiotics. However, in the study being discussed some bacteria were shown to survive a shorter plasma treatment and then exhibit a higher resistance to subsequent treatments. These cells had permanent genetic changes. In the case of P. aeruginosa it is a redox active compound phenazine [135] .
Toxicity of nanoparticles and nanocomposites-effect of treatment, outer coatings, and material
The toxicity of nanoparticles, nanomaterials and various surface-based nanostructures and nanosystems is one more important issue that could be affected by plasma treatment and other surface processes, including application of thin coatings to the nanoparticles and surface-active treatment [136] . Even gold nanoparticles should be considered as a nanosystem requiring specific considerations in relation to the toxicity in particular conditions and environment [137] , and their toxicity depends on the physiochemical properties and size [138] .
Material toxicity can be affected by many routes, and surface coating and modification are among the most efficient techniques for nanoscaled particles. Indeed, the toxicity of iron oxide nanoparticles (important system for medical applications) could be tuned by, e.g. silica (silicon oxide) coating, as confirmed by in vitro studies [139] . Toxicity of silver nanoparticles essentially depends of their size and surface state, and surface coating (e.g. using polyvinylpyrrolidone) could significantly change the toxicity level [140] . Cytotoxicity of silver nanocrystallites also could be tuned by surface coatings [141] . Carbon films could be used to tune the toxicity characteristics of iron oxide nanoparticles [142] .
Toxicity of graphene fragment is also an issue, and plasma treatment could be a good solution in this case (provided that Figure 13 . AFM images of fixed NHA (E6/E7), taken using the Igor Pro 4 software, 90 × 90 μm scans. Upper row (A), topographies of 2D images of E6/E7 cells before and 48 h and 72 h after the plasma treatment; lower row (B), corresponding deflection signal images. Cells were treated with cold plasma for 30 s. All images presented here were obtained in a contact mode at room temperature and scanned in PBS. Reprinted with permission from Recek et al [156] .
the graphene-specific properties are not disturbed by the treatment) [143, 144] . On the other hand, nanoscaled particles could have quite attractive clinical potential [145, 146] , even when they possess toxic properties. Plasma and chemical modification of surface structures and properties of the nanoscaled carbonous materials is also quite promising approach [147] .
Toxicity and biological activity of carbon nanotubes and nanowires, owing to their small diameter and often acute ends, is also an issue [148] . In this case, plasma could be used to modify the shape and state (open/closed tips) of the nanotube arrays, and thus the toxicity and biological activity could be controlled along with other important properties such as wettability [70, 149] .
Direct effect of low-temperature plasma on living cells
To deeper understand the plasma effect onto biomaterials and optimize the processes of biomaterial fabrication and functionalization, the direct effect of plasma streams onto living cells should be studied. Besides, such studies are important for some hard-pressing medical problems such as cancer treatment by direct plasma effect onto cells [150] [151] [152] and via the nanostructures [153] , as well as for other medical applications such as electric surgery [154, 155] . These and other publications represent a good deal of accumulated data on the effect of plasma onto living cell; we will here briefly examine only one typical example.
Specifically, the selective effect of cold plasma on shape and morphology of normal human astrocytes (NHA) and glioblastoma cells was the aim of the research [156] . The atomic force microscopy (AFM) technique has been used to image the cells before and after the plasma treatment ( figure 13 ).
In these experiments, a cold plasma jet was used [157] . It consists of a central electrode installed in the glass tube, and the second electrode placed outside. A pulsed voltage was applied to the central electrode, whereas the outside electrode was grounded. Helium gas was supplied to the glass tube to sustain the discharge and produce the plasma jet. The experiments were mainly aimed to study the selective effect of cold plasma jet treatment on shape and morphology of the fixed NHA and glioblastoma cells. The cell viability was assessed using a standard colorimetric assay for measuring the activity of mitochondria and cellular dehydrogenase enzymes.
Both NHA E6/E7 and glioblastoma U87 cells were processed with the cold plasma jet for various time durations. The results of the MTT assay characterization have shown that a significant part of U87 cells died after the short processing, whereas from 90 to 60% of E6/E7 cells have retained the viability. Repeated experiments and comparison with the reference cultures have demonstrated that the 30 s treatment is a threshold duration required for the significant decrease of viability. More details on the experiments and obtained results can be found elsewhere [156] .
The morphological features on U87 and E6/E7 cells were then studied using the AFM technique. The AFM studies were conducted in a contact mode by acquiring the height of contours, and surface morphology by the deflection signal. Figure 13(a) shows the topographical parameters of complete E6/E7 cell, and figure 13(b) presents the corresponding deflection image. The information in the topography image ( figure  13(a) ) is dominated by the nucleus, although other features, such as the cell boundaries and the microvilli or invadopodia can be clearly distinguished. The untreated U87 and E6/E7 cells are extensively spread; cell body, shape, morphology, microvilli and invadopodia were clearly visible on the AFM images. The position of the cell bodies can be seen as well as where the cells meet ( figure 13 ). Large fibre structures were seen on images of both U87 and E6/E7 adherent cells, although they were more pronounced on E6/E7 cells ( figure 13) .
The experiments with plasma treated fixed cells bring to the light new important understanding of the architecture and assembly of the cell membrane in NHA and glioblastoma cells. They also contribute to the understanding the complex interaction between the plasma and the cell membrane surface. These differences could be the possible reason for the selective effect of plasma on glioblastoma cells and may significantly contribute to cell viability after the plasma treatment.
Concluding remarks
In this review, we have briefly examined various approaches based on the use of low-temperature plasmas to fabricate nanostructured biomaterials and systems exhibiting biological activity for medical treatment, biological inertness for drug delivery system, and other features that make them attractive. In particular, we have discussed the plasma-assisted fabrication of gold and silicon nanoparticles for bio-applications; atmospheric-pressure plasma fabrication of carbon nanoparticles for bioimaging and cancer therapy; plasma-activated carbon nanotube-based platforms for enzyme production and bacteria growth control, and other applications of lowtemperature plasmas in the production of biologically-active materials. In the considered cases the effect of low-temperature plasmas have led to better results, as compared with the conventional neutral-gas based techniques.
